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Abstract. The primordial germ cells (PGCs) of a re-

cently metamorphosed juvenile Synaptula hydriformis

occur with somatic cells in the germinal epithelium of

the gonad. As part of the epithelium, PGCs rest on a

basal lamina, extend apically towards a lumen, are

joined to other cells of the epithelium via apicolateral

junctions, and express apical-basal polarity. Each PGC
has an apical flagellum that is surrounded by a collar of

microvilli. The apicolateral junctions of PGCsconsist of

apical adhering and subapical septate junctions. Hemi-

desmosomes attach the PGCs to the basal lamina. Al-

though the somatic cells form an incomplete layer over

the PGCs, both the PGCsand somatic cells remain ex-

posed to the apical lumen and retain contact with the

basal lamina. The peritoneum is the outermost layer of

the gonad and faces the perivisceral coelom. The epithe-

lial-cell characteristics expressed by cells of the perito-

neum are identical to those of the germinal epithelium.

PGCs of S. hydriformis are epithelial flagellated-collar

cells and express the apical-basal polarity that is typical

of epithelial cells. The apical-basal polarity of the oocyte,

animal-vegetal axis of full-grown eggs, and anterior-pos-

terior axis of larvae and adults are all in correspondence.

Thus the polarity of the germinal epithelium may deter-

mine the primary body axis of the next generation.

Introduction

Most eggs have an inherent polarity, expressed as the

animal-vegetal axis, that is visible at least by the eccentric

nucleus and site of production of polar bodies (Wilson,
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1 896). Although the relationship of primary egg polarity

to embryonic polarity has been scrutinized in a number

of species, and the genetic control and expression of both

egg and embryo polarity are currently under investiga-

tion in a few species, a general model of the origin of egg

polarity has not been forthcoming. Thus, although E.L.

Mark suggested in 1 88 1 that egg polarity was determined

by "the topographical relation of the egg (when still in an

indifferent state) to the remaining cells of the maternal

tissue from which it is differentiated" (Mark, 1881, p.

515), his hypothesis has never been explicitly tested.

Current research on egg polarity centers primarily on

the asymmetric distribution within the egg of maternally

derived determinants (see Davidson, 1986, for general

information: Gard, 1995, for Xenopus; Gonzalez-Reyes

etai. 1995, and Curtis eta!., 1995, for Drosoph i/a). The

initial, spatial relationship of the oocyte to maternal tis-

sues, a possible cause of these asymmetries, has been ex-

amined in relatively few species. In Drosophila melano-

gaster, it has been shown that both larval axes (anterior-

posterior and dorsal-ventral) are determined by interac-

tions between the oocyte and cells of the maternal egg

chamber, resulting in the localization of specific, mater-

nally derived mRNAs(Gonzalez-Reyes and St. John-

ston, 1994; Gonzalez-Reyes et al, 1995; Curtis el at.,

1995). In Xenopus laevis, the animal-vegetal axis of the

oocyte and egg is determined during oogenesis, and the

anterior-posterior embryonic axis "can be roughly su-

perimposed on [it]" (Gard, 1995). Animal-vegetal polar-

ity is hypothesized to be inherent in the oocyte, rather

than the result of its spatial relationship to follicular tis-

sue (reviewed in Gerhart et al., 1983; Gard, 1995), but

the establishment of dorsality is related to the point of
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EPITHELIAL POLARIZATION OF PGCs 169

sperm entry and rotation of egg contents (Gerhart et a/..

1 989). Echinoderm eggs also become polarized along the

animal-vegetal axis during oogenesis (Boveri, 190 la. b;

Jenkinson, 1911; Horstadius, 1973; Maruyama et ai.

1985), and the relationship of the oocyte to maternal tis-

sue is thought to establish animal-vegetal egg polarity

(Schroeder. 1980a, b, 1985, 1986; Smiley, 1988).

One obstacle to understanding the relationship be-

tween the oocyte and maternal tissues has been the

difficulty in identifying a marker of polarity that is pres-

ent in the oocyte before it is released from the tissue of

the ovary (Mark, 1881). "What is needed is to trace the

polarity back to its earliest manifestation and to discover

some ultrastructural [or other marker]" (Schroeder,

1980a) that is visible while the oocyte-somatic tissue re-

lationship can be documented.

Holothuroid oocytes are visibly polarized cells. The

animal pole is identified by a structure termed the apical

protuberance (first used by Smiley, 1 988) and an apically

displaced nucleus. The protuberance is an area of yolk-

deficient ooplasm that protrudes from the surface of the

oocyte, and is visible using both light microscopy and

electron microscopy (Smiley and Cloney, 1985; Smiley,

1988; Frick et a/., 1996). Polar bodies are produced at

the apical protuberance (Maruyama, 1980; Smiley and

Cloney, 1985). Because the protuberance develops while

the holothuroid oocyte is still associated with other cells

and tissues of the ovary, yet remains visible in the

spawned, mature egg as either the protuberance itself

(Smiley and Cloney, 1985) or as a defect in the jelly layer

(Frick, unpub. data), the polarity of the spawned egg can

be related to that of the oocyte within the ovary.

Using the apical protuberance and apically displaced

nucleus as markers, we showed that the animal-vegetal

polarity of the full-grown oocyte of Synaptula hyilri-

formis corresponds with the apical-basal polarity of the

parental germinal epithelium (Frick et a/., 1996). It has

also been reported that the polarity of Parastichopus ca-

lifarnicits oocytes is identical to epithelial polarization

(Smiley, 1988). By tracing morphogenesis from oogonia

to full-grown oocytes in S. hydriformis. we determined

that the polarity of the egg, at all stages of morphogene-

sis, parallels the polarity of the germinal epithelium. Be-

cause gonial cells and previtellogenic oocytes also ex-

pressed structures typical of epithelial cells, such as an

apical rudimentary flagellum, we hypothesized that the

germ cells might be derived from epithelial cells (Frick et

a/., 1996).

Epithelial cells, in general, rest on a basal lamina and

form junctions (hemidesmosomes) with it; they extend

apically towards a lumen or space; they form specialized,

apicolateral, junctional complexes (among inverte-

brates, usually a zonula adherens and a septate junction)

with neighboring cells; and they express apical-basal po-

larity, as indicated by, for example, an apical flagellum

(Welsch and Storch, 1976; Hay, 1990; Ruppert and

Barnes, 1994).

Primordial germ cells (PGCs) are defined by Wilson

( 1 896) as the first germ cells that are "clearly distinguish-

able from the somatic cells." PGCsare sexually indiffer-

ent and capable of migration; gonial cells are sexually

determined and nonmigratory (Wilson, 1896; Wourms,

1987). Both PGCs and gonial cells divide by mitosis

(Wourms, 1987). According to these definitions, PGCs
and gonial cells are differentiated on the basis of genetics

and behavior, not structure. In the absence of any struc-

tural criteria with which to distinguish between PGCs
and gonial cells, we consider the germ cells of juvenile

Synaptula hydriformis to be PGCs, rather than oogonia,

because the juvenile is recently metamorphosed and the

gonad is rudimentary. In the adult gonad (Frick et al.,

1996), we considered the population of morphologically
similar cells that contained dividing cells to be oogonia
and spermatogonia.

Nuage, or germ plasm, is considered to be a marker

of germ cells (Eddy, 1975). Nuage is known to occur in

echinoderm germ cells (Eddy, 1975); in the holothuroid

Parastichopus californicus. nuage does not appear in the

PGCs until 6 months after metamorphosis (Smiley,

1988), but in the echinoid Lytechinus pictus, nuage ap-

pears in the PGCsof 3-week postmetamorphic urchins

(Houk and Hinegardner, 1980). In Synaptula hydri-

formis. nuage has been described from previtellogenic

oocytes (Frick et a/., 1996). It appears in the perinuclear

region of the cytoplasm as one or more clumps of amor-

phous, electron-dense, non-membrane-bound material

that is frequently associated with mitochondria (Frick et

al., 1996).

Wehave undertaken this study of the ovotestis of a

recently metamorphosed juvenile of Synaptula hydri-

formis to determine whether PGCs are epithelial cells

and if their polarity corresponds to that of the germinal

epithelium. If so, we predict that PGCs (in this species

destined to become both spermatogonia and oogonia)

should express the characteristics of typical invertebrate

epithelial cells, as noted above. A demonstration that

PGCsare epithelial and polarized would imply that both

sperms and eggs are, at least primitively, intrinsically po-

larized cells. In the case of eggs, this polarity would man-

ifest itself as animal-vegetal, primary egg polarity.

Materials and Methods

Adult specimens of Synaptula hydriformis were col-

lected in Lake Surprise, Key Largo, Florida, and

transported to the Smithsonian Marine Station in Fort

Pierce, Florida (described in Frick et al., 1996). Brooded

juveniles were removed from the adult perivisceral coe-
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lorn, relaxed in isosmotic MgCl; mixed equally with sea-

water, and fixed. Primary fixation was at room tempera-

ture in isosmotic 2.5% glutaraldehyde in Millonig's

0.2 Mphosphate buffer for 1 .5 h; secondary fixation was

in isosmotic 1% osmium tetroxide in Millonig's 0.1 M
phosphate buffer for 1 h. Whole juveniles were dehy-

drated in a graded series of ethanols and embedded in

epoxy resin. Before sectioning, the body wall, which con-

tained calcareous ossicles, was trimmed from the block.

Sections were cut on an MT2B ultramicrotome. Thick

sections for light microscopy were stained with 1 %meth-

ylene blue and 1% azure II and photographed with a

Zeiss photomicroscope III. Thin sections for transmis-

sion electron microscopy were stained with 6%alcoholic

uranyl acetate and Reynold's lead citrate and were pho-

tographed with a Zeiss EM9S2. Living adults and juve-

niles were photographed with a Nikon macro lens.

Results

Brooded, recently metamorphosed juveniles ofSynap-
tula hydrifonnis have five buccal podia, a calcareous

ring, and a gut that are visible externally or through the

transparent body wall (Fig. 1 ). In sectioned animals, am-

pullae of the buccal podia, other parts of the water- vas-

cular system, the circumesophageal nerve ring, the cal-

careous ring, and the gut are visible (Fig. 2). The gonad
is present in juveniles and is lodged in the dorsal mesen-

tery, as are the stone canal and ring canal of the water-

vascular system (Fig. 2). A hemal sinus surrounds the

gonad and is joined to the hemal system of the gut by a

hemal vessel that passes through the mesentery (Fig. 2).

The juvenile gonad consists of three layers (Fig. 3). An
outer peritoneum faces the perivisceral coelom, an inner

germinal epithelium surrounds the gonadal lumen, and

a connective-tissue layer is situated between the two epi-

thelia.

The connective-tissue layer and the genital-hemal si-

nus occupy the same tissue compartment, and structural

connective tissue grades into hemal fluid. Immediately
beneath the peritoneal basal lamina, a few collagen fibers

are present, but slightly deeper into the connective tissue.

collagen is replaced by the abundant proteins of the he-

mal fluid (Fig. 3). Cells within the genital-hemal sinus

are amebocytes (Fig. 3), as described from the adult go-

nad (Frick el al. 1996).

The simple germinal epithelium is composed of ger-

minal and somatic cells. The germinal epithelium of

adult Synaptiila hydrifonnis produces both sperm and

eggs (see Frick et al., 1996); thus the PGCsof the juvenile

gonad differentiate into oogonia and spermatogonia.

The germ cells are more or less cuboidal in shape and

make the epithelium a thick, 10-15-/im layer (Fig. 3).

The germinal and somatic cells are visibly distinct from

one another (Fig. 4).

PGCshave a large, 7-jum circular nucleus with chro-

matin distributed in sparse clumps and a prominent nu-

cleolus (Figs. 3-8). Their diffuse but uniform cytoplasm
stains more lightly than that of the somatic cells (Figs. 3-

8). PGCscontain nuage (Figs. 7, 8). Mitochondria! pro-

files are common throughout the cytoplasm (Figs. 3-8).

Golgi bodies are primarily apical in position (Figs. 5-7).

Dark, lipoidal inclusions, which are not membrane-

bound, are found in both PGCsand somatic cells (Figs.

3-10).

PGCs display characteristics of epithelial cells. They
are part of a sheet of cells that rests on a common basal

lamina (Figs. 3, 4), they are joined by intercellular junc-

tions to other cells (Figs. 5, 6), and the cells express an

apical-basal polarity (Figs. 5, 6). Each PGChas an apical

flagellum that extends into the lumen of the tubule (Figs.

5, 6). The flagellum is surrounded by a collar of micro-

villi (Figs. 5, 6), and a striated rootlet fiber anchors it to

the nuclear membrane (Fig. 5). The Golgi bodies noted

above are frequently associated with the flagellar base

(Figs. 5-7). The apicolateral junctions of PGCsare com-

plex and consist of an apical adhering junction (probably

a zonula adherens) and a subapical septate junction (Fig.

6 inset). Hemidesmosomes join the PGCs to the basal

lamina on which they rest (Fig. 7 inset).

The perikarya of the somatic cells of the germinal epi-

thelium form an incomplete layer over the PGCs, par-

tially separating them from the apical lumen and the

basal lamina (Figs. 3-4, 8). Part of the apical surface of

Figure 1. Adult and juvenile Synaptula hydnjormis (photomacrograph). The juvenile was removed

from the perivisceral coelom of the adult. Buccal podia (bp). calcareous nng(cr).

Figure 2. Longitudinal section of juvenile (light micrograph). The nerve ring (nr). calcareous ring (cr),

and ring canal (re) encircle the esophagus (not in plane of section). The gonad (gon) is embedded in a

mesentery (me) that extends from the ring canal (re) to the gut (gut). Within this same mesentery, a hemal

vessel (ghv) and the stone canal (sc) also occur. Buccal podia (bp), body wall (bw). perivisceral coelom (pvc),

water vascular system (wvs).

Figure 3. Transverse section of juvenile gonad (transmission electron micrograph). The peritoneum

(pe) faces the perivisceral coelom (pvc). The genital-hemal sinus (ghs) contains amebocytes (am) and pro-

teins. The germinal epithelium is composed of both germinal (ger) and somatic (som) cells and faces the

gonadal lumen (lu).



172 J. E. FRICK AND E. E. RUPPERT

-.



EPITHKL1AL POLARIZATION OF PGCs 173

each PGC, however, is exposed to the lumen, and part of

the basal surface rests on the basal lamina (Figs. 4-6).

The perikaryon of the somatic cell is displaced apically,

but the cell remains in contact with the basal lamina via

slender cellular processes that pass between the germ
cells (Figs. 4, 7, 8). Thus, the germinal epithelium is a

simple, but pseudostratified, epithelium composed of

germ and somatic cells. The nuclei of somatic cells are

smaller than those of germinal cells (Fig. 4). They are

irregularly shaped and contain discrete patches of het-

erochromatin, much of which is peripherally located

(Figs. 3-8). They may also possess a nucleolus (Figs. 3,

4). The dense cytoplasm of somatic cells stains more

darkly than that of germ cells (Fig. 3-8). Although some

mitochondria are present (Figs. 4, 6), few other struc-

tures except lipoidal granules are apparent (Figs. 4-8).

The peritoneum of the gonadal tubule is a flattened

epithelium, ca. 2-^m thick (Figs. 3,9-11 ), that rests on a

basal lamina and faces the perivisceral coelom. Nuclei of

these somatic epithelial cells are flattened in the plane of

the epithelium and contain patches of peripheral hetero-

chromatin (Figs. 3, 9). The cytoplasm, which is moder-

ately dense, contains numerous mitochondria, cisternae

of rough endoplasmic reticulum, and lipoidal granules

(Figs. 9-11). An apical flagellum, originating from a

basal body anchored with a rootlet fiber, extends into the

perivisceral coelom and is surrounded by a collar of mi-

crovilli (Fig. 9). Microvilli also occur elsewhere on the

apical surface of the epithelial cells (Figs. 9, 10).

Hemidesmosomes attach the epithelial cells to the basal

lamina (Fig. 10). Both longitudinal (Fig. 10) and circular

(Fig. 1 1 ) muscle fibers, as well as nerves (Figs. 9, 1 1 ), oc-

cur in the peritoneum. Cells of the peritoneum are joined

in a junctional complex identical to that of the germinal

epithelial cells. An apicolateral adhering junction un-

derlain by a septate junction joins adjacent cells (Fig. 12).

Discussion

PGCsas epithelial cells

As shown in this study, the PGCsofSynaptula hydri-

formis express all the characteristics of typical inverte-

brate epithelial cells. These characters are identical to

those expressed by epithelial cells of the perivisceral peri-

toneum, leaving little doubt that the PGCsare epithelial

cells. This is the first complete demonstration of the epi-

thelial nature of echinoderm PGCs.

Two other electron-microscopic descriptions of echi-

noderm PGCsidentify some, but not all, epithelial char-

acteristics. In the holothuroid Parastichopus californicits

(Smiley, 1988), PGCs, oogonia, and previtellogenic oo-

cytes are "attached to the . . . basal lamina," although no

hemidesmosomes are reported, and they extend towards

the lumen of the tubule. The cells are bound to other

cells with intercellular junctions, described as zonulae

adhaerentes. PGCshave apical centrioles and "appear to

bear a cilium"; a single previtellogenic oocyte was shown

to have an apical centriole (Smiley, 1988). Smiley (1988)

recognized that these oocyte characteristics were specific

to epithelial cells. Our report confirms and expands on

his observations. Junctions with neighboring cells, asso-

ciation with basal lamina, and an apical flagellum are

variously noted in the previtellogenic or early vitello-

genic oocytes of several other species of holothuroids

(Eckelbarger and Young, 1992; Tyler et ai, 1994; Frick

etui. 1996).

The PGCsof echinoids also express some characteris-

tics of epithelial cells. Houk and Hinegardner ( 1980) re-

ported intercellular "tight junctions" between somatic

cells and PGCs and "junctional complexes" between

PGCs. They also noted "striated rootlets and flagellar

bases" that, though regionally unspecified, are presum-

ably apical in position. The PGCsand oogonia rest on a

basal lamina along with other cells of the epithelium

(Houk and Hinegardner, 1980; Frick and Ruppert, un-

pub. data). Furthermore, on the basis of their similar

morphology, the PGCsand somatic accessory cells are

thought to be derived from a commonembryological or-

igin. Both PGCsand somatic cells contain "membrane-

bound vesicles filled with an electron-dense material

which resembles yolk" (Houk and Hinegardner, 1980),

perhaps similar to the lipoidal inclusions seen in Synap-

lula hydriformis PGCsand somatic cells.

The expression of a collared flagellum in the PGCsof

Synaptula hydriformis (Figs. 5, 6) is significant for two

reasons. First, it indicates that the PGC, perhaps after a

migratory period, differentiates initially into a special-

ized cell, viz., an epithelial flagellated-collarcell. Second,

Figures 4-6. Transverse sections of the germinal epithelium (transmission electron micrograph). Fig. 4:

Germinal (ger) and somatic (som) cells of the germinal epithelium rest on the basal lamina (bl) and extend

into the gonadal lumen (lu). Flagellum (II), genital-hemal sinus (ghs), peritoneum (pe). vesiculated somatic

cell ( ves). Figs. 5-6: The base of germinal cells (ger) rests on a basal lamina (bl ) and the apex, with a flagellum

surrounded by microvilli, extends to the lumen (lu). The cells have apicolateral junctions (arrows) with

other cells of the epithelium. The rootlet of the flagellum (arrowheads) is anchored to the nuclear membrane.

Inset: The junctional complex between a germinal and somatic cell consists of an apicolateral zonula adher-

ens(za)and a septate junction (sj)just basal to it.
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because the full-grown eggs lack a flagellum, oogenesis is

a partial departure, or dedifferentiation, from a differen-

tiated state. The departure is only partial, however, he-

cause the egg retains its epithelial polarity as its animal-

vegetal axis despite the loss of flagellum, junctions, and

shape of a typical epithelial cell (Frick ct al.. 1 996). Thus,

the PGCsof S. hydrij'ormis are not a reserve of undiffer-

entiated cells hut somatically differentiated cells with the

capacity to hecome germ cells.

On the hasis of their position within the dorsal mesen-

tery and their morphology, echinoderm PGCs are

claimed by some to be mesenchymal (Hamann, 1888;

Delavault, 1966; Houk and Hinegardner, 1980; Smiley,

1988), while others classify them as epithelial (Russo,

1902;MacBride, l936;NieuwkoopandSutasurya, 1981;

Holland. 1991; Hendler, 1991). This report does not

identify the origin of presumptive PGCs in the develop-

ment of S. hydrij'ormis. but does indicate that at the time

the PGCsare lodged in the gonad they are epithelial cells;

this observation is substantiated by evidence from other

holothuroids (Smiley, 1988) and echinoids (Houk and

Hinegardner. 1980). Although Houk and Hinegardner

(1980) classify echinoid PGCsas mesenchymal, their re-

port shows that the PGCs rest on a basal lamina, form

junctions with other cells, and possess components of a

flagellum. These are all characteristics of epithelial, not

mesenchymal, cells. Similarly. Smiley (1988) describes

epithelial characteristics for holothuroid PGCs as dis-

cussed earlier, but identifies presumptive PGCsas mes-

enchymal cells because they are lodged initially in con-

nective tissue. Because epithelial-mesenchymal transi-

tions occur among somatic cells (Welsch and Storch.

1976; Hay, 1990), the possibility remains that the germ

cells segregate initially as mesenchymal cells but

transform into epithelial cells after incorporation into

the gonad.

Origin of egg polarity

Wehave demonstrated that egg polarity in Synaptula

hydrij'ormis parallels the polarity of the maternal germi-

nal epithelium (as has Smiley. 1988, for Parastichopus

ealij'ornicus). The cells of the epithelium, whether des-

tined to form germ cells or somatic cells, are epithelial

cells with an apical-basal polarity. Wepropose that egg

animal-vegetal polarity, therefore, is ultimately derived

from the apical-basal polarity of the maternal epithe-

lium. Wehave not experimentally tested this hypothesis

by manipulating developing PGCs or oocytes, but we

have demonstrated that animal-vegetal egg polarity in S.

hydrij'ormis can be traced from the PGC(data herein) to

the mature oocyte (Frick el ui, 1996) and that it corre-

sponds to apical-basal epithelial polarity at all stages.

Echinoderm eggs are polarized cells, and this primary

polarity is established during oogenesis. In several spe-

cies of echinoids, Schroeder used the jelly canal, polar-

body extrusion, and pigment patterns of the egg to iden-

tify the primary egg axis (Schroeder, 1980a, b). He hy-

pothesized that the relationship of the egg to maternal

tissues caused polarity (Schroeder. 1980a). The apical

jelly canal, a channel through the jelly coat (Schroeder.

1 980b), is the earliest marker of polarity to appear, and it

may be derived from an association with maternal tissue

(Schroeder, 1 980a, b). Similarly, asteroid oocytes also ex-

press an animal-vegetal polarity that can be identified by

apical centrioles (Schroeder. 1985; Kato el al.. 1990;

Schroeder and Otto, 1991), an apically displaced nu-

cleus, an absence of large vacuoles and actin-filled spikes

at the animal pole, and a local mechanical weakness at

the animal pole (Schroeder, 1985). Holothuroid eggs, as

already discussed, express animal-vegetal polarity based

on the apical protuberance, apically displaced nucleus

(Smiley and Cloney, 1985; Smiley, 1988; Frick el al.

1996), and apical centriole (Smiley, 1988) or flagellum

( Frick ei al. 1996).

The animal-vegetal polarity of echinoderm eggs and

embryos corresponds generally to larval anterior-poste-

rior polarity. This correspondence has been best docu-

mented in echinoids by using techniques that include

morphological observation, experimental manipulation,

and molecular genetic analysis. Boveri ( 1 90 1 b) described

Figures 7-8. Germinal (ger) and somatic (som) cells of the germinal epithelium (transmission electron

micrograph). Genital-hemal sinus (ghs). nuage (ng). Fig. 7: Both germinal and somatic cells make contact

with the basal lamina (bl). Flagellum (arrowhead). Inset: Germinal cells form hemidesmosomes (small

arrowheads) where they contact basal lamina (bl ). Fig. 8: Somatic-cell nuclei ma\ partially separate germinal

cells from the gonadal lumen (lu). and extensions of the somatic cells may extend to the basal lamina (bl)

and partially undercut germinal cells.

Figures 9-1 2. Cells of the peritoneum (transmission electron micrograph). Fig. 9: Flagellated epithelial

cells and nerves (nrv) occur in the peritoneum. The cells rest on a basal lamina (bl) that separates them

basally from the genital-hemal sinus (ghs). Apically. they extend into the perivisceral coelom (pvc). Fig.

10: Longitudinal muscle fibers (1m) are present in the epithelial cells and microvilli (mvi) occur apically.

Hemidesmosomes (arrowhead) connect cells to the basal lamina and apicolateral junctional complexes

(arrow) connect cells to one another. Fig. 1 1 : Circular muscle fibers (cm) are present in epithelial cells. Fig.

1 2: The apicolateral junctional complexes are composed of a zonula adherens (za) and septate junction (sj).
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the position of a circumferential pigment band present in

the oocytes, eggs, embryos, and larvae of Paracentrotus

lividus. Relative to the apical jelly canal (micropyle), the

pigment band is subequatorial, in the vegetal half of

the egg. The pigment band remains vegetally located

throughout embryonic development and eventually

moves in through the blastopore, at the posterior end of

the larva (Boveri, 1 90 1 b). The vegetal pole of the egg thus

becomes the posterior end of the larva. Boveri's results

( 190 la, b) are supported by the experimental manipula-

tions of H6rstadius( reviewed in 1973) and confirmed by

Schroeder's (1980a) observations. A molecular genetic

analysis of the establishment of the oral axis in echinoid

larvae (Cameron el a/., 1989) also confirms that the ani-

mal-vegetal axis remains fixed from egg to larva and that

the oral axis develops with a specific relationship to the

animal-vegetal axis. Thus, the animal-vegetal axis of the

echinoderm egg gives rise to the animal- vegetal axis of

the embryo, which develops into the anterior-posterior

axis of the larva and is itself derived from the apical-basal

polarity of the maternal epithelium. The polarity of the

maternal epithelium, therefore, corresponds to that of

the larva.

A feature of larval polarity unique to holothuroids is

that the larval anterior-posterior axis is identical to the

adult anterior-posterior axis (Smiley, 1986). In other

classes of echinoderms, the adult axis is shifted from that

of the larval axis (Smiley, 1986). Thus in holothuroids,

which embody plesiomorphic echinoderm developmen-

tal characteristics (Smiley, 1986), the adult anterior-pos-

terior polarity is the same as the apical-basal polarity of

the germinal epithelium from which the egg arose.

The hypothesis that egg polarity is derived from the

polarity of the maternal germinal epithelium, whether a

simple epithelium or complex ovary, is neither new nor

restricted to echinoderms. It apparently originated with

Mark (1881; also Wilson, 1896) and embraced oogenesis

in all animals. Mark (1881. p. 515) stated: "If, in cases

where the egg is directly developed from epithelial cells,"

the position of "the germinal vesicle bears a constant re-

lation to the free surface of the epithelium from which

the egg takes its origin," then "it would be fair to infer

the existence of corresponding, though obscured, re-

lations in those cases where . . . the origin of the ovum
is less directly traceable to an epithelial surface."

Although the oocytes of all animals may not derive

their animal-vegetal polarity from apical-basal epithelial

polarity, the correlation may be widespread and phylo-

genetically ancient. On the basis of data presented here

for echinoderms and elsewhere for cephalochordates and

cnidarians (Frick el al, 1996), we advance two hypothe-

ses. The first is that the earliest metazoans were com-

posed of polarized, flagellated cells, some of which

differentiated as germ cells and retained their polarity.

The second is that the determinants of primary egg po-

larity may be related to the factors that establish the po-

larity of epithelial cells.

Acknowledgments

Wethank Dr. Thomas E. Schroeder and Dr. Michael

V. Danilchik for stimulating discussions during our stay

at the Friday Harbor Laboratories. Two anonymous re-

viewers provided critical reviews that improved the

manuscript. This is contribution 40 1 of the Smithsonian

Marine Station at Link Port. Supported by NSF grant

BSR-90-06599 to HER.

Literature Cited

Boveri, I. 190 la. UberdiePolaritatdesSeeigel-Eis. Vcrh. Phys.-Mcil

GV.v U'iir:hnr<* 32: 145-176.

Boveri, I. I901b. Die Polaritat von Ovocyte. Ei. und Larvedes5/;H-

xylocentronis Itvuiiis. /<<>/ Jahrb (Abt Anot.) 14: 630-653.

Cameron, R. A., S. E. Fraser, R. J. Britten, and E. H. Davidson. 1989.

The oral-ahoral axis of a sea urchin embryo is specified by first

cleavage. Development 106: 641-647.

Curtis, D., J. Apfeld, and R. Lehman. 1995. namis is an evolution-

arily conserved organizer of anterior-posterior polarity. Develop-

ment 121: 1894-1910.

Davidson, K. II. 1986. Gene Activity in Early Development. 3rd ed.

Academic Press, NewYork. 670 pp.

Delavault, R. 1966. Determinism of sex. Pp. 615-638 in Physiology

ot Ecliinoclennata. R. A. Boolootian, ed. Wiley, NewYork.

Eckelbarger, K. J., and C. M. Young. 1992. Ovarian infrastructure

and vitellogenesis in ten species of shallow-water and bathyal sea

cucumbers (Echinodermata: Holothuroidea). J Mar Bint Ass. UK
72: 759-781.

Eddy, E. M. 1975. Germ plasm and the differentiation of the germ

cell line. Int. Rev Cylol. 43: 229-280.

Frick, J. E., E. E. Ruppert, and J. P. VVourms. 1996. Morphology of

the ovotestis ofSynaptitlu hyiirilormis (Holothuroidea, Apoda): an

evolutionary model of oogenesis and the origin of egg polarity in

echinoderms. Invertebr. Biol 115:46-66.

Card, D. L. 1995. Axis formation during amphibian oogenesis: re-

evaluating the role of the cytoskeleton. Curr. Top Dev Bio/. 30:

215-249.

Gerhart, J.. S. Black. R. Gimlich. and S. Scharf. 1983. Control of

polarity in the amphibian egg. Pp. 261-286 in Time. Space, and

Pattern in Embryonic Development W. R. Jeffery and R. A. Raff,

eds. A. R. Liss, NewYork.

Gerhart, J., M. Danilchik, T. Doniach, S. Roberts, B. Kowning, and R.

Stewart. 1989. Cortical rotation of the \enopus egg: conse-

quences for the anteroposterior pattern of embryonic dorsal devel-

opment. Development 107: 37-5 1 .

Gonzalez-Reyes. A., and D. St. Johnston. 1994. Role of oocyte posi-

tion in establishment of anterior-posterior polarity in Dro\opliilu.

Science 266: 639-642.

Gonzalez-Reyes, A., H. Elliott, and D. St. Johnston. 1995. Polariza-

tion of both major body axes in Drosophila by gurken-torpedo sig-

nalling. \iiiure315: 654-658.

Hamann, O. 1888. Die wandernden Urkeimzellen und ihre Reifung-

sstatten bei den Echinodermen. Ein Beitrag zur Kenntnis des Baues

derGeschlechtsorgane. Z H'iss. Zoo/. 46: 80-98 + pi. XI.

Hay, E. D. 1990. Epithelial-mesenchymal transitions. Semin. Dev

Biol. 1:347-356.



I Hllll 1 l\l !>()! \R1Z\110N ( )l l>( ,< s 177

llendler, G. 1991. Echinodermata: Ophiuroidea. Pp. 355-5 1 1 in Re-

production of Marine Invertebrates, Vol. 6, Echinoderms mid l.o-

phophortitex. A. C. Giese, J. S. Pearse. and V. B. Pearse. eds. Box-

wood Press, Pacific Grove, CA. 808 pp.

Holland, N. D. 1991. Echinodermata: Crinoidea. Pp. 247-299 in Re-

production n/ Marine Invertebrates. Vol. 6. Echinoderms and Lo-

P/iopliorutes. A. C. Giese. J. S. Pearse. and V. B. Pearse, eds. Box-

wood Press. Pacific Grove, CA. 808 pp.

Horsladius. S. 1973. Experimental Embryology of Echinoderms.

Clarendon Press. Oxford, 192 pp.

Houk, M. S., and R. T. Hinegardner. 1980. The formation and early

differentiation of sea urchin gonads. Biol. Bull 159: 280-294.

Jenkinson, J. \V. 1911. On the origin of the polar and bilateral struc-

ture of the egg of the sea urchin. Arch. Entwicklungsmech. Organ.

32:699-716.

Kato, K. H., S. \\ashitani-Nemoto, A. Hino, and S. Nemoto. 1990.

Ultrastructural studies on the behavior of centrioles during meiosis

of starfish oocytes. Develop. Growth Differ. 32: 41-49.

MacBride, E. W. 1936. Echinodermata. Pp. 425-623 in The Cam-

bridge .\alnrnl History. Vol. 1 , S. F. Harmer and A. E. Shipley, eds.

MacMillan Co.. London.

Mark, E. L. 1881. Maturation, fecundation and segmentation of Li-

miixcampextrix. Bull Mux. Comp. Zoo/. 6: 173-625.

Maruyama. Y. K. 1980. Artificial induction of oocyte maturation and

development in the sea cucumbers Holothuria leucospilota and //<>-

loilmrui pardalis. Bio/. Bull 158: 339-348.

Maruyama, Y. K., Y. Nakeseko, and S. Yagi. 1985. Localization of

cytoplasmic determinants responsible for primary mesenchyme
formation and gastrulation in the unfertilized egg of the sea urchin

Hemicentrotus pulcherrimus. J, Exp. Zoo/. 236: 155-163.

Nieuwkoop, P. D., and L. A. Sutasurya. 1981 . Primordial Germ Cells

in the Invertebrates: From Epigenesis to Prejormation. Cambridge

Univ. Press. Cambridge. 258 pp.

Ruppcrt, E. E., and R. D. Barnes. 1994. Invertebrate Zoology. 6th ed.

Saunders College Pubs.. Philadelphia. 1056 pp.

Russo, A. 1902. Studii su gli echinodermi. Alii Accad. Gioeniu Sci.

Nat. Catania (Ser. 4) 12 (Mem. 7): 1-93 + plates 1-111.

Schroeder, T. E. 1980a. Expressions of the prefertilization polar axis

in sea urchin eggs. Dev. Biol. 79: 428-443.

Schroeder, I . E. 1980b. The jelly canal: marker of polarity for sea

urchin oocytes, eggs, and embryos. Exp. Cell Res. 128: 490-494.

Schroeder, T. E. 1985. Cortical expressions of polarity in the starfish

oocyte. Develop. Growth Differ. 27: 3 1 1 -32 1 .

Schroeder, T. E. 1986. The egg cortex in early development of sea

urchins and starfish. Pp. 59-100 in Developmental Biology: A Com-

prehensive Synthesis. Vol. 2. L. W. Browder. ed. Plenum. 65 1 pp.

Schroeder, T. E.. and J. J. Otto. 1991. Snoods: a periodic network

containing cytokeratin in the cortex of starfish oocytes. Dev. Biol

114:240-247.

Smiley, S. 1986. Metamorphosis of Stichopus californicus (Echino-

dermata: Hololhuroidea) and Us phylogenetic implications. Biol

Bull 171:611-631.

Smiley, S. 1988. The dynamics of oogenesis and the annual ovarian

cycle of Stichopus californicus (Echinodermata; Holothuroidea).

Biol. Bull. 175: 79-93.

Smiley, S., and R. A. Cloney. 1985. Ovulation and the fine structure

of the Slicliopux californicus (Echinodermata: Holothuroidea) fe-

cund ovarian tubules. Biol Bull 169: 342-364.

Tyler, P. A., K. Eckelbarger, and D. S. M. Billett. 1994. Reproduc-

tion in Bathyp/oles nalans (Holothuroidea: Synallactidae) from ba-

thyal depths in the north-east and western Atlantic. J. Mar Biol

Ass. UK74: 383-402.

VVelsch, II., and V. Storch. 1976. Comparative Animal Cytology and

Histology. Univ. of Washington Press, Seattle. 343 pp.

Wilson, E. B. 1896. The Cell in Development and Inheritance, 1st ed.

MacMillan. NewYork. 37 1 pp.

Wourms, J. P. 1987. Oogenesis. Pp. 49- 1 78 in Reproduction of Ma-

rine Invertebrates, Vol. 9, Genera/ Aspects: Seeking Unity in Diver-

sity. A. C. Giese. J. S. Pearse, and V. B. Pearse, eds. Boxwood Press,

Pacific Grove, CA.


